concentration range considered. On the other hand, methanol molecules intercalate between the lipid headgroups, promote a lateral expansion of the bilayer in the LC phase and induce a concentration dependent decrease of T m , observations that may have implications for the phenomenon of anesthesia. The occurrence of an ID phase in the presence of this cosolute may be viewed as an extreme consequence of lateral expansion. The analysis of the simulations also suggests the existence of two basic conservation principles: (1) the hydrogen-bond saturation principle rests on the observation that for all species present in the different systems, the total numbers of hydrogen-bonds per molecule is essentially constant, the only factor of variability being their distribution among different partners; (2) the densest packing principle rests on the observation that the effective volume per methylene group in the interior of the bilayer is only weakly sensitive to the environment, with values comparable to those for liquid (LC) and solid (ID) alkanes, or intermediate (GL).
Introduction
Lipid bilayers, the main constituents of biological membranes, are of crucial importance to all living organisms because they represent the boundaries defining the different cellular compartments and the barrier to the extracellular medium, as well as the first interaction site of the cell with this medium (Cooper and Hausman 2007) .
Aqueous lipid systems can present many different phases (Foubert et al. 2007) , depending on the types of the lipid molecules, on their concentrations, and on the possible presence of cosolutes (CSLs). The two biologically most relevant of these phases are bilayer phases, namely the gel (GL) and the liquid crystal (LC) phases (Seddon and Cevc 1993) . In the GL phase, the aliphatic lipid tails are arranged in nearly all-trans conformations and in orientations that are generally tilted with respect to the bilayer normal. In the LC phase, the tails are disordered, presenting a mixture of trans and gauche conformations, and no preferential orientation of the chains (collective tilting) is observed. Compared to the GL phase, the LC phase is also laterally more expanded and transversely more compact. For a given bilayer composition and under specified environmental conditions (pressure, hydration level, nature and concentration of possible CSLs), the temperature at which the GL↔LC transition occurs is called the main transition (or melting) temperature T m . Understanding the influence of composition and environment on this temperature, as well as on the properties of the two phases, is of fundamental biological and technological importance (Seddon and Cevc 1993; Nagle and Tristram-Nagle 2000) .
There are three basic mechanisms whereby the mechanical and permeability properties of the cell membrane can be modulated by CSLs present in the intra-or extra-cellular medium: (1) direct interaction of the CSL molecules with specific membrane-bound proteins, such as ion or water channels (Pierce et al. 2002; Hicke and Dunn 2003; Kristiansen 2004) ; (2) direct alteration of the phase properties (structure, fluidity, melting temperature) of the bilayer induced by lipid-CSL interactions (Crowe et al. 1987; Lee et al. 2004; Chanda and Bandyopadhyay 2006; Yamamoto et al. 2012) ; (3) indirect modulation of the properties of membrane-bound proteins via an alteration of the bilayer phase properties (Barchfeld and Deamer 1988; Cantor 2001; Rudolph and Antkowiak 2004; Franks 2006) . While the first type of mechanism implies the existence of a specific protein receptor for the CSL, the two others rely on a generic form of lipid-CSL interaction. Important mechanisms of the second and third types are responsible, respectively, for the phenomena of anhydrobiosis in the presence of, e.g., sugars (Keilin 1959; Crowe et al. 1987; Wright 2001; Clegg 2001; Feovilova 2003) and of anesthesia in the presence of, e.g., xenon (Yamamoto et al. 2012) , alcohols (Chanda and Bandyopadhyay 2006; MacCallum and Tieleman 2008) , or other small molecules (MacCallum and Tieleman 2008) .
The phenomenon of anhydrobiosis (Crowe et al. 1992 Sun et al. 1997; Hoekstra et al. 2001; Hincha et al. 2002; Tunnacliffe and Lapinski 2003; Hincha and Hagemann 2004; Watanabe 2006; Adams et al. 2007) corresponds to a reversible suspension of life under conditions of extreme dehydration. In the absence of CSL, dehydration of a lipid bilayer typically promotes an increase in its melting temperature (Krog and Larsson 1968; Crowe et al. 1987) . In organisms undergoing a dehydration stress, portions of the cell membrane would therefore undergo a LC→GL transition, resulting in membrane disruption upon rehydration. In anhydrobiotic organisms, such a transition is prevented by the accumulation of specific CSLs in the intracellular medium, in particular sugars, and most prominently the disaccharide trehalose (Crowe et al. 1984 (Crowe et al. , 1992 (Crowe et al. , 2005 Green and Angell 1989; Belton and Gil 1994; Koster et al. 1994; Guppy and Withers 1999; Tunnacliffe et al. 2001; Clegg 2001; Crowe 2002; Tunnacliffe and Lapinski 2003; Feovilova 2003; Lins et al. 2004; Adams et al. 2007; Albertorio et al. 2007; Westh 2008; Hengherr et al. 2008; Zhmakin 2008; Lenné et al. 2009 ) (TRH, Fig. 1 ).
Although the detailed mechanism whereby TRH stabilizes bilayer membranes upon dehydration is still a matter of debate, it is clear that this mechanism involves a direct influence of the sugar on the phase properties of the bilayer. Several hypotheses have been proposed [see introduction of Horta et al. (2010a) for an overview], which are not all mutually exclusive (Clegg 2001; Crowe 2002; Horta et al. 2010a) .
The phenomenon of anesthesia (Ueda and Kamaya 1984; Rudolph and Antkowiak 2004; Franks 2006) corresponds to a reversible loss of consciousness caused by an anesthetic drug. Other attributes, such as immobility, analgesia, amnesia and muscle relaxation, are closely connected to this phenomenon (Rudolph and Antkowiak 2004; Franks 2008) . The exact mechanism of anesthesia is still matter of debate (Fang et al. 1997; Rudolph and Antkowiak 2004; MacCallum and Tieleman 2008; Chau 2010) . Depending on the type of CSL (anesthetic), it may involve either an interaction with specific receptors (Rudolph and Antkowiak 2004; Franks 2006 Franks , 2008 , a direct alteration of the membrane properties (Ueda and Kamaya 1984; Castro et al. 2008) , or an indirect influence on membrane-bound proteins (Cantor 1997) . In the apparent absence of specific protein receptors for aliphatic alcohol molecules (Foubert et al. 2007) , it seems that the mechanism of anesthesia relies in this case on an indirect modulation of the properties of membrane-bound proteins via an alteration of the bilayer phase properties (Chau 2010) .
The interaction of alcohols with membranes is further complicated by the biphasic effect (Rowe 1983) . Depending on the concentration range, short-chained aliphatic alcohols have an opposite influence on T m . At low concentrations, T m decreases with increasing alcohol concentration, whereas at high concentrations, the opposite trend is observed. The concentration at which this reversal takes place for a given alcohol strongly depends on the length of the lipid acyl chains (Rowe 1983) . The biphasic effect is explained by the alcohol-induced formation of an interdigitated (ID) phase, where lipid molecules from the two leaflets of the bilayer interpenetrate (Simon and McIntosh 1984; Chiou et al. 1992) . At low alcohol concentrations, the GL phase is destabilized over the LC one, due to the intercalation of alcohol molecules between the lipid headgroups and the resulting increase in the area per lipid, leading to the observed T m decrease. At high concentrations, the ID phase can be formed, its stability relative to the LC phase increasing with the alcohol concentration, leading to the observed T m increase. All short-chain aliphatic alcohols, from methanol (MET, Fig. 1 ) through heptanol, induce interdigitation at sufficiently high concentrations (Ohki et al. 1990; Mou et al. 1994; Holte and Gawrisch 1997) . However, longer chain alcohols may induce a different response, presumably because their aliphatic chains are also able to intercalate between the lipid tails (Westermann et al. 1988; Chen et al. 1996; Kranenburg et al. 2004) .
Atomistic molecular dynamics (MD) simulations have greatly contributed to the characterization and understanding of the structure, thermodynamics and dynamics of lipid bilayers under various conditions (Marrink et al. 1998 ; Lindahl and Edholm 2000; Lee et al. 2004 Lee et al. , 2005 Skibinski et al. 2005; Chanda and Bandyopadhyay 2006; Patra et al. 2006; Knecht and Marrink 2007; MacCallum and Tieleman 2008; Lyubartsev and Rabinovich 2011; Saito and Shinoda 2011; Yamamoto et al. 2012) . These simulations provide information at a spatial (atomic level) and temporal (femtosecond) resolution inaccessible to experiments, concerning system sizes (~10 nm) and timescales (~1 μs) already relevant for the evaluation of thermodynamic properties via statistical mechanics and the comparison with experimental data.
In a series of previous studies by our group, atomistic MD simulations have been used to characterize the effect of alcohols, sugars and other polyhydroxylated CSLs on membranes, in the context of both simple model systems (Geerke et al. 2010; Choutko et al. 2012 ) and dipalmitoylphosphatidylcholine (DPPC) bilayers Hünenberger 2006, 2008a, b; Horta et al. 2010a) . However, the biologically most relevant phospholipids such as DPPC remain relatively challenging to simulate, owing to difficulties in the force field design (Anézo et al. 2003; Klauda et al. 2008 ) and treatment of electrostatic interactions (Tieleman et al. 2002; Anézo et al. 2003; Patra et al. 2003 Patra et al. , 2004 Kastenholz and Hünenberger 2004; Cordomí et al. 2007; Reif et al. 2009 ) (charged or zwitterionic headgroup), and to the slow convergence of system properties with respect to both system size (Takaoka et al. 2000; Anézo et al. 2003; de Vries et al. 2005b; Herce and Garcia 2006; Baştug et al. 2006; Klauda et al. 2008; Laner et al. 2013 ) (long-range correlations) and simulation timescale (Tieleman et al. 1997; Takaoka et al. 2000; de Vries et al. 2005b; Klauda et al. 2006; Nagarajan et al. 2012 ) (slow conformational relaxation). For this reason, it is also interesting to consider less complex bilayer systems such as monoglyceride lipid systems (Horta et al. 2010b; Laner et al. 2013 Laner et al. , 2014 Laner and Hünenberger 2014a, b) .
A (saturated) monoglyceride is the molecule resulting from the esterification of a single hydroxyl group of glycerol with a (saturated) fatty acid. In addition to being relevant in the context of prebiotic research (Hargreaves et al. 1976; Olasgasti et al. 2014 ) and technological applications (Krog and Larsson 1968; Morley and Tiddy 1993) , these Fig. 1 Chemical structures of the monoglyceride and cosolutes (CSLs) considered in the present study. These are glycerol-1-monopalmitate (GMP), trehalose (TRH), and methanol (MET). The atom numbering refers to the GROMOS molecular topology used in the simulations. The charge group (CG) definitions are also indicated, all CGs being overall neutral. The force-field parameters employed for the three compounds can be found in Tables S.1-S.4 of the Supplementary Material document. The water molecules are represented using the simple point charges (SPC) model (Berendsen et al. 1981) 1 3 lipids present a number of key advantages compared to, e.g., DPPC for a computational investigation of the GL↔ LC phase transition : (1) the presence of only one aliphatic tail per headgroup, leading to a faster translational, rotational, and conformational relaxation; (2) the limited role of electrostatic interactions (uncharged, non-zwitterionic and moderately polar headgroup), also leading to a faster relaxation and largely avoiding finite-size and approximateelectrostatics artifacts; (3) the absence of a ripple phase (de Vries et al. 2005a) as an intermediate state between the GL and the LC phases; (4) the availability of experimental structural and thermodynamic data (Krog and Larsson 1968; Krog and Borup 1973; Pezron et al. 1990 Pezron et al. , 1991 Morley and Tiddy 1993; Cassin et al. 1998; Chupin et al. 2001; Sein et al. 2002; van Duynhoven et al. 2005; Alberola et al. 2006) . More specifically, glycerol-1-monopalmitate (GMP, Fig. 1 ) was chosen here as model lipid in view of the availability of a phase diagram for the GMP-water system (Krog and Larsson 1968; Horta et al. 2010b ) and of experimental estimates for the area per lipid in the GL and LC phases (Pezron et al. 1990 ).
In the present study, a GMP bilayer patch is used to investigate the effect of the CSLs TRH and MET on the structural, dynamic and thermodynamic properties of the membrane and on its main transition temperature T m . To this purpose, 83 MD simulations (each of 600 ns duration) of a GMP bilayer patch of 2 × 8 × 8 lipids are reported and compared, carried out at different temperatures in the range of 302-338 K, either in the absence of CSL [simulations previously reported in Laner et al. (2013) ] or in the presence of MET or TRH at three different concentrations.
Methods

Molecular dynamics simulations
All MD simulations were performed using the GROMOS MD++ program (van Gunsteren 2011; Schmid et al. 2012; Kunz et al. 2012) , with the 53A6 OXY force field for the GMP and CSL molecules, along with the simple point charges (SPC) water model (Berendsen et al. 1981) . For GMP, this corresponds to force field B in the previous simulations of Laner et al. (2013) . The MET model is the 53A6 OXY model [and not the rigid model of Walser et al. (2000) ], and the TRH model is based on that of Lins and Hünenberger (2005) , with appropriate adjustments of the charges and LennardJones interaction parameters to 53A6 OXY . The relevant force-field parameters are summarized in Fig. 1 and Tables S.1-S.4 of the Supplementary Material document.
The simulations were carried out under periodic boundary conditions based on rectangular boxes containing a hydrated GMP bilayer patch of 2 × 8 × 8 lipid molecules in the xy-plane, leading to a total number of 128 lipid molecules in the systems. Both leaflets consisted of a racemic mixture of the R and S enantiomers of the GMP molecule. A variable number of CSL molecules was possibly added: (1) none [simulations labeled P N , i.e., pure lipid in water; previously reported in Laner et al. (2013) under the label B L ]; (2) 53 molecules of TRH (simulations labeled T N ); or (3) either 120, 240 or 480 molecules of MET (simulations labeled M L , M M and M E , respectively, i.e., low, medium or elevated MET content).
For both the pure-lipid simulations (P N ) and the simulations in the presence of TRH (T N ), three hydration levels were considered, which are distinguished by the letters F (full), H (half), or Q (quarter), respectively. The full hydration regime was defined based on the phase diagram of the GMP-water system (Krog and Larsson 1968; Horta et al. 2010b) , where the main transition temperature T m is seen to become independent of the hydration level above 36 % w/w water content, which corresponds to about 6.7 water molecules per lipid. Accordingly, the numbers of water molecules in the simulated systems were set to 853 (F), 427 (H) and 213 (Q). The simulations in the presence of MET (M L , M M and M E ) were all carried out at full hydration, i.e., with 853 water molecules.
Newton's equations of motion were integrated using the leap-frog scheme (Hockney 1970 ) with a timestep of 2 fs. All solute bond lengths (GMP and CSLs) were constrained by application of the SHAKE algorithm (Ryckaert et al. 1977 ) with a relative geometric tolerance of 10 −4 . The full rigidity of the water molecules was enforced by application of the SETTLE algorithm (Miyamoto and Kollman 1992) . The center of mass translational motion of the computational box was removed every 0.2 ps.
The simulations were carried out in the isothermal-isobaric ensemble with a reference pressure P of 1 bar and reference temperatures T ranging from 302 to 338 K. The temperature was maintained by weakly coupling (Berendsen et al. 1984 ) the solute+CSL and solvent degrees of freedom separately to temperature baths at temperature T, using a relaxation time of 0.1 ps. The pressure was maintained by weakly coupling (Berendsen et al. 1984 ) the particle coordinates and box dimensions in the xy-plane and along the z-axis separately [semi-anisotropic pressure scaling (Klauda et al. 2008) ; systems P N and T N ], or along all three axes separately (fully anisotropic pressure scaling; systems M L , M M and M E ) to pressure baths at pressure P, using a relaxation time of 1 ps and an isothermal compressibility of 4.575 × 10 −4 (kJ mol −1 nm −3 ) −1 as appropriate for biomolecular systems (van Gunsteren et al. 1996) .
The non-bonded interactions were calculated using a twin-range scheme (van Gunsteren et al. 1990 (van Gunsteren et al. , 1996 , with short-range and long-range cutoff distances set to 0.8 and 1.4 nm, respectively, and an update frequency of five timesteps for the short-range pairlist and intermediaterange interactions. A reaction-field correction (Barker and Watts 1973; Tironi et al. 1995) was applied to account for the mean effect of electrostatic interactions beyond the long-range cutoff distance, using a relative dielectric permittivity of 61 as appropriate for the SPC water model (Heinz et al. 2001) . All simulations were carried out for a duration of 600 ns after equilibration and configurations were saved to file every 10 ps for subsequent analysis.
Simulated systems
A total number of 83 simulations were carried out, differing by: (1) the possible presence and type of the CSL (P vs. T vs. M); (2) the number of CSL molecules in the system (N vs. L vs. M vs. E); (3) the hydration level (F vs. H vs. Q); (4) the initial configuration (GL vs. LC); (5) the temperature T (from 302, 306 or 318 K, depending on the system, to 338 K in steps of 4 K).
Only a subset of the possible combinations was considered, the corresponding systems and conditions being summarized in Table 1 . In particular, the combinations involving MET (M L , M M or M E ) with a water content below full hydration (H or Q) were omitted, since initial simulations with a high MET content (M E ) at lower hydration led to the partial or complete dissolution of the bilayer (results not shown), as expected experimentally (Ly and Longo 2004) and already observed in previous simulations involving ethanol (Gurtovenko and Anwar 2009) . The lowest temperature considered was initially set to 318 K. However, in the presence of MET, this was not sufficient to observe a stable GL phase. The minimal temperature was thus decreased to 306 K for system M E or 302 K for systems M L and M M . All simulations initiated from a GL structure were carried out at up to ten different temperatures in steps of 4 K, as an attempt to bracket T m within ±2 K. However, the simulations initiated from a LC structure were only performed at the two extreme temperatures. In this article, each of the 83 simulations (Table 1) is uniquely identified by a string consisting in sequence of the letters P, T or M (system), N, L, M or E (CSL content; subscript), F, H or Q (hydration level), and GL or LC (initial configuration; subscript), followed by the temperature T. For each simulation, the different columns report the simulation label, the cosolute (CSL) type (none, TRH for trehalose, or MET for methanol), the number n C of CSL molecules, the CSL concentration c C (by weight relative to the lipids), the hydration level relative to full hydration (F, H or Q for full, half, or quarter), the number n W of water molecules, the water concentration c W (by weight relative to the lipids), the starting configuration (GL for gel or LC for liquid crystal) and the reference temperature T. In all cases, the simulations involved a glycerol-1-monopalmitate (GMP) bilayer patch of 2 × 8 × 8 lipids (number n L of lipids equal to 128) and were carried out for 600 ns at the reference pressure P = 1 bar. For compactness, a single entry is provided for each set of simulations carried out at different temperatures T (value in Kelvin noted generically T in the simulation label). For example, the notation T ∈ {318-338} indicates a set of six simulations at temperatures T ranging from 318 to 338 K in steps of 4 K, and the notation T ∈ {318, 338} indicates a set of two simulations carried out at temperatures T of 318 and 338 K 
The initial configurations for the system without CSL were generated as described in Laner et al. (2013) . The production simulations for the set P N , already reported in Laner et al. (2013) , were initiated directly from these six configurations and carried out at the indicated temperatures. For the simulations including a CSL, all water molecules were removed, and the CSL molecules were inserted by random placement. The system was solvated with the appropriate number of water molecules. It was then heated to 600 K with position constraints on the lipid atoms, in order to allow for faster relaxation of the CSL and water molecules, followed by a thermalization step of 1.2 ns to equilibrate the system at a temperature ensuring the stability of either the GL (302, 306 or 318 K, depending on the system) or the LC (338 K) phase, carried out in the presence of progressively decreasing position restraints on the lipid atoms. Each run was continued without restraints during 120 ns at the same temperature for further equilibration, resulting in 12 initial configurations (GL or LC for 
All production simulations were initiated directly from these configurations and carried out at the indicated simulation temperatures.
Trajectory analysis
The simulations were analyzed in terms of the following properties: (1) area per lipid a xy ; (2) carbon-hydrogen order parameters S CH (C n ) of the 14 methylene groups (C n , with n = 2-15; atoms numbered 11-24 in Fig. 1 ) and corresponding chain-averaged value S chn ; (3) bilayer thickness d z ; (4) volume per lipid v xyd ; (5) average numbers N of intermolecular hydrogen bonds (H-bonds) between the different species; (6) lipid lateral diffusion coefficients D xy ; (7) lipid rotational (R) or wobbling (W) relaxation times τ and residual correlations c (τ
; distinguishing fast and slow decays by the indexes 1 and 2); (8) distribution profiles P(z) of different atoms along the bilayer normal; (9) single-lipid and collective tilt angles θ and , respectively, of the acyl chains relative to the bilayer normal; (10) phase-assignment descriptor η.
The procedures employed for the first seven types of analyses have been described previously (Laner et al. 2013) and will not be repeated here. Three of these parameters (a xy , S chn , d z ) were monitored as a function of time, as indicators of a phase transition (for S chn and d z , based on successive 1.2 ns time windows). Averages of all of these parameters were calculated over the last 24 ns of the simulations, as structural and dynamic characteristics of the final phase. Only the H-bond analysis differs slightly from Laner et al. (2013) , due to the possible presence of CSL molecules in the system. Here, the occurring intermolecular H-bonds were classified according to the different pairs of species present in the simulations, namely intra-layer lipid-lipid N intra LL , interlayer lipid-lipid N inter LL , lipid-CSL N LC , lipid-water N LW , CSL-CSL N CC , CSL-water N CW and water-water N WW . Inter-layer H-bonds, as opposed to intra-layer ones, refer to H-bonds possibly occurring between the opposite leaflets of two periodic copies of the bilayer. The corresponding average occurrences are reported on a per-molecule basis, namely as: 2n W N WW for water. Here, n L , n C and n W are the total numbers of lipid, CSL and water molecules, respectively, in the simulated systems ( Table 1 ). The corresponding total numbers of H-bonds per lipid, per CSL or per water molecule are also reported as N tot L , N tot C and N tot W , respectively. Patterns of H-bonded bridging Hünenberger 2006, 2008a, b; Horta et al. 2010a) were also monitored, i.e., the number of water molecules n m W and CSL molecules n m C being simultaneously H-bonded to a given number m of lipid molecules (as acceptor or as donor, and possibly via more than one H-bond). Note that the values of n m W and n m C add up to n W and n C , respectively.
The procedures employed for the last three types of analyses are the following. The distribution profiles P(z) were calculated as normalized probability distributions along the bilayer normal (z-axis) for specific atoms, namely the headgroup oxygen atoms (atoms 2 and 5 in Fig. 1 ), the ester oxygen atoms (atoms 8 and 10), the terminal methyl group (atom 25), the CSL oxygen atoms (all oxygen atoms) and the water oxygen atoms. For the lipid atoms, the calculation distinguished between lipids of the bottom and top leaflets. Averaging was performed over the last 24 ns of the simulations.
The tilt angle θ n of a given lipid n in a given trajectory configuration is defined as the angle between the bilayer normal and the head-tail vector of the lipid, connecting the carbonyl carbon atom (atom 9 in Fig. 1 ) and the terminal methyl group (atom 25) of the chain, choosing the normal direction in such a way that θ n ≤ 90°. The single-lipid tilt angle θ is obtained by averaging the value of θ n over the individual lipids n in a given trajectory configuration. The collective tilt angle is defined as the angle between the bilayer normal and the vector sum of the head-tail vectors of all lipids in a given trajectory configuration, respecting the same convention for the normal direction. The values of θ and were averaged over the last 24 ns of the simulations.
Finally, the idea of the phase-assignment descriptor is to tentatively ascribe a phase to each trajectory configuration. This was done by means of a single-configuration descriptor η defined as where the different phases are liquid crystal (LC), gel (GL), interdigitated (ID), and unassigned (UN). Here, a is the area per lipid (a xy , see above), h the headgroup-headgroup distance across the bilayer, and g the tail-tail distance across the bilayer. The parameters h and g are calculated for a trajectory configuration by periodic gathering of the lipid atoms along the z-direction with the bilayer midplane (average of the z-coordinates of the 128 terminal methyl groups) at z = 0, and measurement of the average z-distance between the 64 glycerol central carbon (atom 6 in Fig. 1 ) atoms (h) or the 64 tail methyl (atom 25) united atoms (g) of the bottom and top layers, respectively (top minus bottom). The cutoff values in Eq. 1 were defined by visual inspection of the sampled phases and correlation with their a, h and g values. They were set to a c = 0.29 nm
, h c = 3.9 nm, h ′ c = 2.9 nm and g c = −0.5 nm for all systems.
(
Results and discussion
Equilibrium properties
To characterize the influence of the CSL, CSL content and hydration level on the structural and dynamic properties of the bilayer in its two main phases (GL or LC), equilibrium simulations are discussed first. For simplicity, this is done here by considering the simulations initiated from a GL structure and carried out at the lowest temperature (302 K for M L and M M , 306 K for M E , and 318 K for P N and T N ), and the simulations initiated from a LC structure and carried out at the highest temperature (338 K). For these two sets of simulations, the starting configuration is the one that is thermodynamically stable at the given temperature so that no phase transitions are observed. The average values of key properties calculated over the last 24 ns of these 18 simulations are reported in Table 2 (structural properties and phase assignment), Tables 3 and 4 (H-bonding properties; see also Fig. 2 for a summary scheme), Fig. 3 (distribution profiles), and Table 5 (dynamic properties). The Table 2 Average structural properties calculated from a subset of simulations corresponding to equilibrium conditions This subset encompasses the simulations started from a structure appropriate for the GL phase at reference temperatures T = 302 (systems M L and M M ), 306 (system M E ) or 318 K (all other systems), as well as from a structure appropriate for the LC phase at reference temperature T = 338 K, for the different CSLs (P, T or M), numbers of CSL molecules (N, L, M or E) and hydration levels (F, H or Q). As an example for the ID phase, values for the simulation M M F LC 302 are also provided (last line). The quantities reported are the area per lipid a xy , the chain-averaged order parameter S chn , the bilayer thickness d z , the volume per lipid v xyd , the single-lipid tilt angle θ and the collective tilt angle , averaged over the last 24 ns of the simulations and appropriate for the indicated final phase. The percentages of the configurations assigned to the different phases (GL, LC, ID or UN) over the entire 600 ns simulation time are also reported, along with the phase-assignment parameters h and g used in Eq. 1, averaged over the last 24 ns. The simulation labels and conditions are summarized in Table 1 . Corresponding data for the entire set of 83 simulations can be found in Tables S.5-S.7 of the Supplementary Material document
Simulation
Final phase simulations in the absence of CSL (P N ) are the same as those reported in Laner et al. (2013) , and are discussed in more details therein. Concerning the structural properties (Table 2) , the main observations in the absence of CSL (system P N ) are that (Laner et al. 2013) : (1) the area per lipid a xy is systematically lower for the GL compared to the LC phase; (2) the values are essentially independent of the hydration level for the GL phase and increase slightly upon decreasing the hydration level for the LC phase; (3) the values at full hydration, 0.243 (GL) and 0.328 (LC) nm 2 , agree well with the corresponding experimental estimates of 0.22 and 0.31 nm 2 , respectively (Pezron et al. 1990 ); (4) the trends observed in terms of the chain-averaged order parameter S chn and the bilayer thickness d z are anti-correlated with those observed in terms of a xy ; (5) the relative changes in the volume per lipid v xyd are of small relative magnitudes compared to those in a xy and d z .
In the presence of CSLs, the area per lipid a xy is still systematically lower for the GL compared to the LC phase.
Whereas the area per lipid in the GL phase is essentially insensitive to the presence of a CSL, as it was to the hydration level in the pure-bilayer systems, the CSLs induce a lateral expansion in the LC phase, slight and nearly concentration-independent for TRH (except maybe at the lowest hydration), and more pronounced and concentrationdependent for MET.
As was the case when varying the hydration level in the absence of CSL, the trends in the chain-averaged order parameter S chn and in the bilayer thickness d z are anti-correlated with those in a xy . In particular, in the presence of a CSL, both parameters are still systematically higher for the GL compared to the LC phase. For the GL phase, the two parameters are essentially insensitive to the presence of a CSL. For the LC phase, both CSLs induce an increase in the extent of disorder and a decrease in the thickness of the bilayer, slight and nearly concentration-independent for TRH (except maybe at the lowest hydration), more pronounced and concentrationdependent for MET. Table 3 Average hydrogen-bonding (H-bonding) properties calculated from a subset of simulations corresponding to equilibrium conditions This subset encompasses the simulations started from a structure appropriate for the GL phase at reference temperature T = 302 (systems M L and M M ), 306 (system M E ) or 318 K (all other systems), as well as from a structure appropriate for the LC phase at reference temperature T = 338 K, for the different CSLs (P, T or M), numbers of CSL molecules (N, L, M or E) and hydration levels (F, H or Q). As an example for the ID phase, values for the simulation M M F LC 302 are also provided (last line). The quantities reported are the number of inter-layer (2n The volume per lipid v xyd evidences relative changes of small magnitudes compared to those in a xy and d z , due to a compensation in the variations of these two anti-correlated parameters within their product. This average volume is only slightly lower for the GL compared to the LC phase, i.e., the disorder increase accompanying a GL→LC transition causes a relatively limited decrease in the effective packing density of the lipid atoms within the bilayer, but a much more pronounced change in the packing anisotropy (stretching and thinning of the membrane). For the GL phase, v xyd is remarkably invariant across all systems, with values in the range of 0.448-0.464 nm 3 . For the LC phase, the value in the absence of CSL is about 0.485 nm 3 , irrespective of the hydration level. Interestingly, TRH at high concentration decreases the volume per lipid whereas MET at high concentration increases this volume. The value of 0.485 nm 3 for this phase corresponds to about 0.030 nm 3 per methylene group, assuming an equivalent volume of 16 methylene groups per chain. This value is identical to the corresponding group increment for liquid alkanes at room temperature and ambient pressure (Small 1984 ). In contrast, the value of about 0.455 nm 3 for the GL phase leads to 0.028 nm 3 per methylene group, noticeably larger than the estimate of 0.025 nm 3 for solid alkanes (Small 1984) . For comparison, corresponding experimentally inferred estimates for DPPC are 0.027 and 0.024 nm 3 for the GL phase (Nagle and Wiener 1988; Koenig and Gawrisch 2005) at 0 and 20 °C, respectively, and 0.027 nm 3 for the LC phase (Nagle and Wiener 1988; Armen et al. 1998 ) at 50 °C. However, these estimates are indirect and affected by important uncertainties, certainly larger than those affecting the experimental densities of pure alkanes in the solid and liquid phases.
The analysis of the single-lipid and collective tilt angles θ and , respectively, underlines the profound structural difference between the GL and LC phases. For the GL Table 4 Extent of hydrogen-bonded (H-bonded) bridging of the lipids calculated from a subset of simulations corresponding to equilibrium conditions This subset encompasses the simulations started from a structure appropriate for the GL phase at reference temperature T = 302 (systems M L and M M ), 306 (system M E ) or 318 K (all other systems), as well as from a structure appropriate for the LC phase at reference temperature T = 338 K, for the different CSLs (P, T or M), numbers of CSL molecules (N, L, M or E) and hydration levels (F, H or Q). As an example for the ID phase, the values for simulation M M F LC 302 are also provided (last line). The quantities n m W and n m C with m = 0-8 represent the numbers of water and CSL molecules, respectively, being simultaneously H-bonded (as acceptor or as donor, and possibly via more than one H-bond) to a given number m of lipid molecules. These numbers add up to the total number of water molecules n W and CSL molecules n C in the simulated system (Table 1 ). The quantities reported are the average numbers of lipid-bound water molecules n −1
on a per-lipid basis, along with the fractions of these bound molecules (n W − n o W ) −1 n m W and (n C − n o C ) −1 n m C being simultaneously H-bonded to a given number m of lipid molecules. The notation 0.00 refers to a value below 0.005, while absent entries correspond to a value of exactly zero. The data is averaged over the last 24 ns of the simulations. The simulation labels and conditions are summarized in Table 1 Simulation n −1 phase, θ and are on the order of 20°-25° and 15°-25°, respectively. This indicates that the tilting of the chains is almost exclusively of a collective nature. For comparison, an experimentally inferred estimate for DPPC in the GL phase (Katsaras et al. 1992 ) is 21.5°, with similar values being reported in simulations (Bennet et al. 2009; Chen et al. 2011) . For the LC phase, θ and are on the order of 35°-45° and 7°-8°, respectively. Interestingly, θ is actually higher than in the GL phase, i.e., individually, the chains are on average more pronouncedly tilted. Note that in the context of chains that present a non-negligible fraction of gauche conformations, the occurrence of kinks may also contribute to an apparent tilting of the head-tail vector (Douliez et al. 1998) , i.e., to θ. However, the tilt (kink) directions of the individual lipids are orientationally randomized, resulting in a collective tilt angle that is much lower compared to the GL phase. Still, it is interesting to observe the existence of a residual collective tilt of about 7°-8° , even in the LC phase. The reduction of the hydration level or the inclusion of CSLs have different effects on θ and , depending on the phase. For the GL phase, θ is essentially insensitive to the environmental conditions. Although evidences somewhat larger variations (range 15°-21°), these changes are largely non-systematic and may arise from insufficient convergence. For the LC phase, is low and largely insensitive to the environmental conditions, whereas θ nearly systematically increases upon reducing the hydration level or increasing the concentration of TRH, or, to a larger extent, MET. This is likely due to the lateral expansion of the bilayer increasing the mismatch between effective headgroup and tail cross-sections, and thus, the requirement for tilting or kinking to achieve optimal packing of the chain. In summary, θ is positively correlated with a xy , whereas is only weakly sensitive to the environmental conditions for a given phase. The correlation between area per lipid and tilting behavior is further explored in a companion article (Laner et al. 2014) .
Finally, the phase-assignment descriptor η of Eq. 1 successfully ascribes nearly all the trajectory configurations sampled along the 18 equilibrium simulations to one of the two phases (GL or LC), with occurrences of at least 99.9% in all cases.
Concerning the H-bonding properties (Table 3) , the main observations in the absence of CSL (system P N ) are that (Laner et al. 2013) : (1) the occurrence of inter-layer lipid-lipid H-bonds (2n
is limited, increases with decreasing hydration, and is systematically higher for the Table 3 ; range 3.9-4.3). This number is partitioned into intra-layer lipid-lipid, inter-layer lipid-lipid, lipid-water and lipid-CSL contributions (based on the entries 2n Goto and Takiguchi (1985) , Goto et al. (1988) ]; pure hydrated bilayer (P); hydrated bilayer in the presence of TRH (T); hydrated bilayer in the presence of MET (M). For the three latter environments, the GL and LC phases are distinguished and the arrows indicate a decrease in the hydration at constant CSL content (P, T) or an increase in the CSL content at constant hydration (M), i.e., the numbers to the left of the arrows correspond to simulations P N F, T N F and M L F, and those to the right of the arrows to simulations P N Q, T N Q and M E F.
LC compared to the GL phase; (2) the occurrence of intralayer lipid-lipid H-bonds (2n For the inter-layer lipid-lipid H-bonds, the trends in the absence of CSL can easily be rationalized based on the average distance between periodic copies of the bilayers in the simulations, and considering the higher fluidity and temperature of the bilayer in the LC phase compared to the GL phase (Laner et al. 2013 ). In the presence of CSLs, the occurrences of these H-bonds are reduced to nearly zero, suggesting that the CSLs damp the fluctuations of the headgroup positions along the bilayer normal. To our knowledge, there is no direct experimental information available concerning transient H-bonding between stacked bilayers, which could occur e.g., in multilamellar (Yamazaki et al. 1992) or stacked monolamellar (Ariga et al. 2006) vesicles. However, H-bonds between headgroups from opposing (water-separated) leaflets have been mentioned as a possible source of attractive interaction between bilayers in the context of oligopeptide-carrying lipids (Ariga et al. 2006 ), phospholipids (McIntosh 2000 and cerebrosides (Kulkarni et al. 1999) .
For the intra-layer lipid-lipid H-bonds, the higher occurrence in the GL compared to the LC phase can easily be rationalized based on the higher extent of ordering and the smaller area per lipid in the former phase (Laner et al. 2013 ). The CSLs do not significantly affect the occurrences of these H-bonds in the GL phase, and in the case of TRH, in the LC phase. However, the corresponding Fig. 3 Probability distribution profiles of different atoms along the bilayer normal calculated over a subset of the simulations. The six panels on the left correspond to simulations under equilibrium conditions for the different CSLs (P, T, or M) at full hydration (F) and at low concentration for MET (M L ), initiated either from a structure appropriate for the GL phase and carried out at 318 (P,T) or 302 (M) K, or from a structure appropriate for the LC phase and carried out at 338 K, i.e., simulations P N F GL 318, P N F LC 338, T N F GL 318, T N F LC 338, M L F GL 302 and M L F LC 338. The two panels on the right are examples of occurrence of an ID phase or of UN configurations in the presence of MET, corresponding to the end of simulations M M F LC 302 and M L F LC 302, respectively. The atoms considered for the distributions are the glycerol oxygen atoms (gly), the ester oxygen atoms (est), the terminal methyl groups (ch3), the water oxygen atoms (wat), and the CSL oxygen atoms (csl). For lipid atoms, a distinction is made between lipids belonging to the bottom (bot) and top (top) leaflets. The distributions of the box-wall position (box) are also shown. The profiles are normalized to one, centered at the bilayer midplane and evaluated using a histogram bin width of 0.05 nm. The data is averaged over the last 24 ns of the simulations. The simulation labels and conditions are summarized in Table 1 occurrences for the LC phase are reduced in the presence of MET, and decrease further upon increasing the CSL concentration.
For the lipid-water H-bonds, the lower occurrences in the GL compared to the LC phase can again easily be rationalized based on the lower extent of ordering (increased exposure of the headgroups to the solvent) and the larger area per lipid of the latter phase, while the decrease with decreasing hydration level is directly related to the availability of water in the system (Laner et al. 2013 ). The CSLs systematically reduce the occurrences of these H-bonds in both the GL and the LC phases. However, they also introduce new lipid-CSL H-bonds (n −1 L N LC ) in both phases. Expectedly, the occurrences of these new H-bonds increase upon increasing the CSL-to-water ratio in the system. When considering the sum N tot L of the inter-layer lipidlipid, intra-layer lipid-lipid, lipid-water and lipid-CSL H-bonds per lipid, this number remains essentially constant for all the systems considered, with a value close to four (3.9-4.3). In the absence of CSL, the lipid-water H-bond deficit caused by lowering the hydration is compensated for by an increase in the number of (mainly inter-layer) lipid-lipid H-bonds (Laner et al. 2013 ). In the presence of CSLs, one essentially observes a suppression of interlayer lipid-lipid H-bonds, nearly no changes in intra-layer lipid-lipid H-bonds (except for the LC phase in the presence of MET, where this number decreases) and a partial substitution of lipid-water by lipid-CSL H-bonds. However, in both cases, the total number of H-bonds per lipid, i.e., the H-bond saturation of the bilayer headgroups, is nearly unaffected. Such a nearly quantitative compensation effect between changes in the numbers of lipid-lipid and lipidenvironment H-bonds upon altering the phase or environment of a bilayer, i.e., the conservation of the headgroup H-bond saturation, has been observed previously for this system (Horta et al. 2010b; Laner et al. 2013 ), as well as in different contexts Hünen-berger 2006, 2008a, b; Horta et al. 2010a) . Given this conservation principle, a change in the bilayer environment can be viewed as inducing a mere redistribution of the four Fig. 4 Time series of the bilayer structural properties calculated over a subset of simulations. The two panels on the left correspond to simulations in the absence of CSL and at full hydration, initiated either from the GL phase and carried out at 318 K or from the LC phase and carried out at 338 K. They present no phase transition. The four panels on the right correspond to simulations in the presence of MET at full hydration, and presenting the occurrence of an ID phase or of UN configurations. The quantities displayed are the area per lipid a xy , the assigned phase (η, see Eq. 1; LC, GL, ID, or UN), the box dimension (−b/2, b/2), the leaflet extension (−h/2, h/2) and the position of the tail methyl plane (−g/2, g/2) along the z-axis and the bilayer midplane (mid; average position of the tail methyl groups of both leaflets, set to z = 0 by construction). The simulation labels and conditions are summarized in Table 1 lipid-environment H-bonds among the different species present in the system, as illustrated in Fig. 2 .
In the available X-ray structures of pure monoglycerides (no water) in the crystalline phase (Larsson 1966; Goto and Takiguchi 1985; Goto et al. 1988 ), the free glycerol hydroxyl groups are each involved in two lipid-lipid H-bonds, one inter-layer and one intra-layer. The partitioning of the four H-bonds is thus 50 % intra-layer and 50 % inter-layer. For the GL phase, the results in the absence of CSL suggest that the inter-layer H-bonds observed in these crystals are replaced by lipid-water H-bonds essentially on a one-to-one basis, as previously suggested (Pezron et al. 1990 ). For the LC phase at full and half hydration, the results suggest that, in addition, about 15 % of the H-bonds observed in these crystals are replaced by lipid-water H-bonds as well, resulting from the temperature increase, the higher inherent extent of disorder in the LC phase and the larger area per lipid.
For the GL phase, the substitution in the presence of CSLs remains similar, i.e., the inter-layer H-bonds observed in the crystals are replaced by lipid-environment (i.e., lipid-water or lipid-CSL) H-bonds, essentially on a one-to-one basis. For the LC phase, the extra substitution of a fraction of the H-bonds observed in the crystals by lipid-environment H-bonds also amounts to about 15 %, except in the presence of MET, where it rises to 20-30 %, increasing with the CSL concentration.
The relative strengths of the H-bonds between pairs of species in the systems, as qualitatively probed by the average hydrogen-acceptor distance and donor-hydrogenacceptor angle (a smaller distance and an angle closer to 180° implying a stronger bond) are, in decreasing order: GMP-MET > GMP-GMP > GMP-water > GMP-TRH. The higher strength of the GMP-MET relative to the GMP-TRH H-bonds is due to the different penetration depths (deeper for MET) and relative sizes (larger for TRH, leading to suboptimal H-bond geometries) of the two molecules.
A H-bond conservation principle similar to that suggested for the lipid headgroups also holds for the CSL and water molecules. The total number of H-bonds per CSL molecule (N tot C ) is close to 2.2 for MET (range 2.1-2.4) and 14.0 for TRH (range 12.6-14.4) for all systems. The different numbers are related to the number of potentially H-bonding groups per molecule. The total number of H-bonds per water molecule (N tot W ) is close to 3.0 (range 2.9-3.3) for all systems.
The distribution profiles P(z) of the different atoms along the bilayer normal ( Fig. 3 ; six panels on the left) reveal a clear double-leaflet structure for the equilibrium simulations considered here. The profiles are narrower for the GL compared to the LC phase (smaller d z ; see above). The tail methyl groups from the bottom and top leaflets present well-resolved distributions with significant overlap and the expected ordering in terms of peak positions (bottom below top), the distributions being slightly broader and the overlap more pronounced in the LC compared to the GL phase. Note that the overlap does not result from a partial interdigitation of the tail ends, but from different offsets in the methyl-methyl contact points of opposite lipid pairs along the z-axis (variations among lipid pairs and fluctuations in time). As expected, the glycerol atom distributions are closer to the leaflet surfaces than the ester distributions.
For the systems without CSL, water penetrates the bilayer up to the ester region and presents a large overlap with the glycerol region, especially in the LC phase. The same applies to the two types of CSLs. However, comparatively, TRH presents a more limited overlap with the lipid headgroups compared to MET. This difference is more pronounced in the LC phase and is easily understood when considering the very different sizes of the two types of molecules. Another difference is the relative extent of penetration of the two CSLs compared to water (Pereira and Hünenberger 2008a; Horta et al. 2010a ). For TRH, in both the GL and LC phases, the CSL penetrates the bilayer less deeply than water, thereby forming a surface coating layer. For MET in the LC phase, the opposite trend is observed, suggesting a preferential affinity of the bilayer surface for the CSL compared to water, especially in the ester region. A more detailed interpretation of these differences is given in Pereira and Hünenberger (2008a) .
Differences between water, TRH and MET are also seen in the extent of H-bonded bridging (Table 4) , i.e., the number of water molecules n m W and CSL molecules n m C being simultaneously H-bonded with a given number m of lipid molecules. The quantities n −1
L (n C − n o C ) represent average numbers of water and CSL molecules, respectively, H-bonded to the bilayer on a per-lipid basis. For all systems, these numbers are systematically lower for the GL compared to the LC phase. In the absence of CSLs, the average number of H-bonded water molecules ranges between 1.2 and 2.2, and decreases with decreasing hydration level. In the presence of TRH, the average numbers of H-bonded water and CSL molecules are in the ranges of 0.6-1.7 and 0.2-0.4, respectively. In the presence of MET, the corresponding numbers are in the ranges of 1.0-2.1 and 0.2-0.6, respectively. Expectedly, the number of bound water molecules decreases and the number of bound CSL molecules increases upon increasing the CSL concentration.
The quantities (n W − n o W ) −1 n m W and (n C − n o C ) −1 n m C represent fractions of these H-bonded water and CSL molecules, respectively, forming simultaneously H-bonds with (i.e., bridging) m lipids. Considering the H-bonded water molecules in the absence of CSL and at full hydration, about 70 % are H-bonded to a single lipid, about 25 % to two lipids simultaneously, and about 5 % to three lipids simultaneously, irrespective of the phase. Upon decreasing the hydration level, the extent of H-bonded bridging by water tendentially increases in both phases. Addition of TRH at full hydration slightly increases the extent of water bridging in the GL phase, with little effect in the LC phase. Addition of MET at low concentration has little effect on the extent of water bridging in both phases. Upon increasing the CSL concentration, water bridging is slightly enhanced in the GL phase and decreased in the LC phase, most likely due to the lateral expansion of the bilayer. Considering the bound TRH molecules, the extent of bridging is about the same in the GL and LC phases, and tendentially increases with decreasing hydration. Simultaneous H-bonding of one TRH molecule with up to eight different lipid molecules can be observed, albeit very infrequently [see Fig. 6 in Pereira and Hünenberger (2008a) ]. However, H-bonding with two, three, four or five lipids is frequent (about 30, 20, 10 and 5%, respectively, of the bound TRH molecules). For the bound MET molecules, H-bonding to more than two lipids simultaneously is scarce. The extent of bridging is overall lower in the LC than in the GL phase, and tendentially decreases with increasing MET content. This is likely due to higher fluidity and disorder in the LC phase. This difference between MET and TRH in the extent of H-bonded bridging of the lipids is not unexpected, considering the different sizes and number of H-bonding groups of the two molecules, and their tight interaction with the membrane surface as revealed by the distribution profiles (Fig. 3) . The observation that TRH forms a coating layer and a H-bonding network with the lipids at the surface of the bilayer has been reported previously Hünenberger 2006, 2008a; Horta et al. 2010a) , and forms the basis of the headgroup-bridging hypothesis for anhydrobiotic membrane stabilization by TRH.
Concerning the dynamic properties (Table 5) , the main observations in the absence of CSL are that (Laner et al. 2013) : (1) the translational diffusion coefficient D xy is systematically lower for the GL phase compared to the LC phase (factor 4-8); (2) it decreases with decreasing Table 5 Average dynamic properties calculated from a subset of simulations corresponding to equilibrium conditions This subset corresponds to the simulations started from a structure appropriate for the GL phase at reference temperature T = 302 (systems M L and M M ), 306 (system M E ) or 318 K (all other systems), as well as from a structure appropriate for the LC phase at reference temperature T = 338 K, for the different CSLs (P, T or M), numbers of CSL molecules (N, L, M or E) and hydration levels (F, H or Q). As an example for the ID phase, the values for simulation M M F LC 302 are also provided (last line). The quantities reported are the lipid lateral diffusion coefficient D xy , the first (τ R 1 ) and second (τ R 2 ) relaxation times corresponding to the two observed decays in the rotational motion with corresponding residual correlations (c R 1 and c R 2 ), and the first (τ W 1 ) and second (τ W 2 ) relaxation times corresponding to the two observed decays in the wobbling motion with corresponding residual correlations (c W 1 and c W 2 ). The data is calculated over the last 24 ns of simulation. The simulation labels and conditions are summarized in Table 1 . Corresponding data for the entire set of 83 simulations can be found in Tables S.11 hydration level for the two phases; (3) the first decay time τ R 1 for the rotational autocorrelation function, attributed to the rotation of a single lipid around its axis and associated with a low residual correlation (as expected for a vector that samples the accessible space isotropically), corresponds to a timescale of about 0.2 ns for the GL phase and 0.1 ns for the LC phase; (4) the first decay time τ W 1 for the wobbling autocorrelation function, attributed to the wobbling of a single lipid and associated with a high residual correlation (as expected for a vector that does not sample the accessible space isotropically), corresponds to a timescale of about 10-20 ns for the GL phase and 1.5 ns for the LC phase.
For the translational diffusion, the trends in the absence of CSL could easily be rationalized (Horta et al. 2010b; Laner et al. 2013 ) based on the lower extent of ordering of the LC phase compared to the GL phase, but may also reflect in part the higher simulation temperature. The reduction of the lateral mobility upon dehydration is probably related to the slightly higher viscosity of confined water (Raviv et al. 2001 ) and the formation of a small amount of inter-layer H-bonds across periodic boundaries (Table  3) . Comparison of the present estimate of 13.8 × 10 −11 m 2 s −1 for GMP in the LC phase at full hydration with the experimental (Vaz et al. 1985) and simulation (Klauda et al. 2006) , respectively, for DPPC at 50 °C indicates that the lateral diffusion of GMP molecules (single acyl chain and low polarity headgroup) is much faster than that of DPPC (two acyl chains and zwitterionic headgroup). The inclusion of the two CSLs considered has opposite effects on the dynamic properties. In the presence of TRH, the value of D xy is decreased and the rotational and wobbling motions are also slowed down (longer τ R 1 and τ W 1 ) for both the GL and the LC phases. In the presence of MET, the value of D xy is increased and the rotational and wobbling motions slightly accelerated (shorter τ R 1 and τ W 1 ) for the LC phase, with little effect for the GL phase. In the case of TRH, the damping of the lipid dynamics in both phases probably results from the high extent of H-bonded headgroup bridging by the sugar molecules (see above), which leads to a restriction in the lipid motions. In the case of MET, the acceleration of the lipid dynamics in the LC phase is probably correlated with the increase in the area per lipid.
Interdigitated phase
The 18 equilibrium simulations discussed in the previous section are initiated from either the GL or the LC phase, and do not present phase transitions at the temperatures considered. Most of the remaining 65 simulations carried Note that the structures for GL and LC are shown along the x-axis of the box, while the structures for ID and UN were rotated around the z-axis to highlight their structural characteristics (interdigitation and alignment). The simulation labels and conditions are summarized in Table 1 out at intermediate temperatures, which will be discussed in details in the next two sections, evidence no or a single GL→LC or LC→GL transition over the 600 ns time period.
As illustrated in Fig. 4 , there are four exceptions in which the sampling of another phase is observed in the presence of MET. These are simulations M L F LC 302 (LC→ UN at 30 ns), M M F LC 302 (LC→ID at 40 ns), M E F LC 306 (LC→ID at 115 ns) and M E F GL 310 (GL→LC at 140 ns followed by LC→ID at 500 ns). Illustrative structures for the LC, GL and ID phases, as well as for the unrecognized UN configurations, are shown in Fig. 5 . The average values of key properties calculated over the last 24 ns of simulation M M F LC 302 (ID phase) are reported as last lines in Tables  2, 3 , 4 and 5. Distribution profiles calculated over the last 24 ns of simulations M M F LC 302 (ID phase) and M L F LC 302 (UN configurations) are also shown in Fig. 3 .
The ID phase, occurring in simulations M M F LC 302, M E F LC 306 and M E F GL 310, is interdigitated. The UN configurations, occurring in simulation M L F LC 302, also belong to the ID phase. However, some lipids of one leaflet are extruded (tails exposed to water, see distribution profile in the bottom right panel of Fig. 3 and an illustrative structure in Fig. 5 ), which prevents it from being recognized as ID by the phase-assignment descriptor η of Eq. 1. Note that in other simulations, a transient assignment to UN generally indicates instead that the system is in an intermediate state between GL and LC. This simulation M L F LC 302 will not be further discussed.
Interdigitation is another possibility besides singlelipid (LC) or collective (GL) chain tilting to remedy the mismatch between the headgroup and tail cross-sections of the lipids. In the ID phase, the bottom and top leaflets overlap over a length of about 13 carbon atoms along the opposing chains. In Fig. 3 , the upper right panel shows the ID phase with the tail methyl groups clearly penetrating the opposite leaflet. As a result of this interpenetration, the distance g between the terminal methyl planes of the bottom and top leaflets (bottom to top) is negative (about −1.2 nm). The area per lipid a xy is about 0.37 nm 2 , larger than the value for the LC phase in the absence of CSL (about 0.31 nm 2 ) and comparable to the corresponding value in the presence of MET at low concentration (system M L ). The bilayer thickness d z is about 2.3 nm, smaller than the value for the LC phase in the absence of CSL (about 3.1 nm) and comparable to the corresponding value in the presence of MET at elevated concentration (system M E ). The volume per lipid v xyd is about 0.41 nm 3 and the chain-averaged order parameter S chn about 0.41, the lowest and highest values, respectively, observed in the entire set of simulation. The corresponding effective volume per methylene group in the bilayer interior is 0.025 nm 3 , identical to the corresponding estimate for solid alkanes (Small 1984) . The single-lipid and collective tilt angles θ and are about 10° and 4°, respectively, indicating that the chains are essentially aligned along the bilayer normal. In terms of H-bonding and H-bonded bridging properties, the ID phase is intermediate between the GL and LC phases. For the dynamic properties, the values are similar to the GL phase.
In summary, the ID phase is characterized by: (1) the interdigitations of the lipids; (2) the absence of significant tilting, at both the single-lipid and collective levels; (3) a strong lateral expansion and transverse compactness compared to the LC phase, and, to an even higher extent, the GL phase; (4) a high tail packing density and chain ordering (predominance of all-trans conformations) compared to the GL phase, and, to an even higher extent, the LC phase; (5) a low fluidity comparable to that of the GL phase. Note that the order parameters for the ID phase (chain average of about 0.41) are even higher than those for the GL phase (about 0.31), as observed experimentally for other lipids (Boggs and Rangaraj 1985) . It should be recalled, however, that conformational disorder in the tails and chain tilting relative to the bilayer normal both contribute to decreasing the order parameters of the lipids (Douliez et al. 1998 ). Consequently, the order parameter increase from GL to ID results in principle from both the tighter chain packing and the suppression of the tilting. The relative influence of these two components is further discussed in a companion article (Laner et al. 2014) .
In the present simulations, the ID phase is observed only in systems containing MET and is only reached from the LC phase, never directly from the GL phase. This is consistent with the experimental finding that the ID phase of DPPC occurs in the presence of alcohols but not in purelipid systems (Rowe and Campion 1994; Wang and Dea 2009; Griffin et al. 2010; Wanderlingh et al. 2010; Kurniawan et al. 2012) , as also observed in coarse-grained simulations of phosphatidylcholines (Venturoli et al. 2006 ). To our knowledge, only one simulation study revealed an ID phase in the absence of alcohols (Klauda et al. 2006 ) (probably an artifact of approximate electrostatics), and only one simulation study of distearoylphosphatidylethanolamine (DSPE) presented a direct GL→ID transition (Quin et al. 2009 ).
Phase transitions
To characterize the influence of the presence and concentration of CSLs on the phase-transition properties of the bilayer, the complete set of 83 simulations is now considered (Table 1 ). The time series of the area per lipid a xy , the chain-averaged order parameter S chn , and the bilayer thickness d z are displayed in Fig. 6 for all simulations.
As already mentioned in the previous section, most of the simulations evidence no or a single GL→LC or LC→GL transition over the 600 ns time period. Trajectory segments corresponding to either of these two phases can be identified by their values of a xy (about 0.24 or 0.31 nm 2 for GL and LC, respectively), S chn (about 0.31 or 0.17), and d z (about 3.8 or 3.2 nm). Occurrences of the ID phase in three simulations can be identified by corresponding values of 0.37 nm 2 , 0.41 and 2.3 nm, respectively. Expectedly, the trajectory segments corresponding to a LC phase present larger fluctuations of the three quantities monitored compared to those corresponding to a GL or ID phase. The occurrence of a possible single transition between two of these three phases in the different simulations is summarized in Table 6 . The only special cases are simulation M E F GL 310, where two successive transitions are observed (GL→LC at 140 ns followed by LC→ID at 500 ns), and simulation M L F LC 302, which presents unassigned ID-like configurations (LC→UN at 40 ns) .
Considering the system P N , the simulations initiated from a GL structure and carried out at temperatures of at least 322 (F and H) or 326 (Q) K undergo a transition to the LC phase, the other ones remaining in the GL phase. At the three hydration levels, the simulations initiated from a LC structure remain in the LC phase at 338 K. However, the corresponding simulations at 318 K do not undergo a transition to the GL phase within 600 ns. The absence of transition to the GL phase at this temperature is not viewed as incompatible with T m values on the order of 320-324 K, considering the expected long timescale of a LC→GL transition with such a small temperature difference to T m (Horta et al. 2010b; Laner et al. 2013) . The relationship between transition kinetics and temperature relative to T m is further discussed in a companion article (Laner and Hünen-berger 2014b) . Note that even in the absence of a transition, the area per lipid is noticeably lower in these simulations compared to the corresponding simulations at 338 K. The above results lead to suggested transition temperatures T m of 320 ± 2 (F), 320 ± 2 (H) and 324 ± 2 (Q) K for the system P N at full, half and quarter hydration, respectively. These estimates are all within at most 7 K of the T m values inferred from the experimental phase diagram of the GMPwater system (Krog and Larsson 1968; Horta et al. 2010b) , namely 323, 326, and 331 K.
For the system T N , the phase transitions occur at the same temperatures. Here, a shift to lower transition temperatures was initially expected, considering that TRH is experimentally found to counteract the T m increase in pure bilayers upon decreasing hydration (Tunnacliffe et al. 2001; Tunnacliffe and Lapinski 2003; Crowe et al. 2005; Adams et al. 2007; Albertorio et al. 2007; Hengherr et al. 2008; Zhmakin 2008) . However, the concentrations (F, H or Q) . They were started from a structure appropriate for the GL phase and carried out at reference temperatures ranging from T min = 302 (systems M L and M M ), 306 (system M E ) or 318 K (all other systems) to 338 K, or from a structure appropriate for the LC phase and carried out at reference temperatures T min or 338 K. The simulation labels and conditions are summarized in Table 1 considered in the present study (42.9 % w/w TRH-to-lipid) might be too low to see a pronounced effect. For comparison, the TRH content used in experiments can be up to 1:1 (Tsvetkova et al. 1998) or 5:1 (Ricker et al. 2003) w/w TRH-to-lipid. The systems M X (X = L, M, or E) evidence a lowering of the transition temperature in comparison to the previous systems, increasingly pronounced upon increasing the MET concentration. The simulations initiated from a GL structure and carried out at temperatures of at least 318 (L), 314 (M) or 310 (E) K undergo a transition to the LC phase, although the simulation M E at 310 K presents a subsequent transition to the ID phase. At the three concentrations, the simulation started from a LC structure and carried out at 338 K remains in the LC phase, whereas the simulation started from a LC structure and carried out at T min (302, 306 or 310 K) undergoes a LC→ID transition (UN configurations being considered as a form of ID phase). These results lead to suggested transition temperatures of 316 ± 2 (L), 312 ± 2 (M), and 308 ± 2 (E) K for the M X systems. This is in line with the concentration-dependent T m decrease induced experimentally by short-chain aliphatic alcohols at moderate concentrations (Rowe 1983 (Rowe , 1985 Löbbecke and Cevc 1995; Rosser et al. 1999) , i.e., before the biphasic reversal takes place. In this regime, the GL phase (rather than the ID phase) should be the thermodynamically most stable ordered phase. However, the four simulations carried out at T ≤ 310 K lead to the appearance of the ID phase instead. Furthermore, the ID phase is only reached in the simulations from the LC phase, i.e., no direct GL→ID transition was observed on the 600 ns timescale, the transition of simulation M E F GL 310 being indirect (GL→LC→ID). This suggests that the GL phase might not be the thermodynamically most stable phase, but metastable instead. It is also in line with the observation that the MET concentrations considered in the simulations (7.8, 15.6 and 31.2 M for L, M, and E, respectively), are actually above the concentration at which the biphasic effect takes place experimentally (Rosser et al. 1999) for DPPC in the presence of MET, namely about 2.7 M. Clearly, more simulations are required to disentangle the thermodynamic and kinetic factors in interplay concerning the biphasic effect in the GMP system. This issue is addressed in a companion article (Laner and Hünenberger 2014a) .
Temperature-dependent properties
The equilibrium phase properties at the extreme temperatures T min (302, 306 or 318 K) and 338 K and the phasetransition temperatures inferred from the simulations have been discussed in the previous three sections. The present section completes the discussion by considering the temperature dependence of the phase properties between 318 and 338 K.
A number of the bilayer structural characteristics discussed in section "Equilibrium properties" are displayed as a function of the area per lipid a xy in Fig. 7 as averages over the last 24 ns for the entire set of 83 simulations. The simulations were started from a structure appropriate for the GL phase and carried out at reference temperatures ranging between T min = 302 (systems M L and M M ), 306 (system M E ) or 318 K (all other systems) and 338 K, or from a structure appropriate for the LC phase and carried out at reference temperatures T min or 338 K. They differ by the different CSLs (P, T or M), numbers of CSL molecules (N, L, M, or E) and hydration levels (F, H or Q). A minus (-) indicates the absence of a transition, a cross (×) the presence of a GL→LC or LC→GL transition (depending on the starting configuration), a diamond (♦) the presence of a LC→ID transition, and a square ( ) the presence of a LC→UN transition. All simulations present at most one transition, except M E F GL 310, which undergoes a transition to LC followed by a transition to ID. See Table 1 for the simulation labels and conditions
Considering the LC and GL phases together, most of the structural parameters are directly related to a xy , being either negatively (S chn , g, d z ) or positively (v xyd , θ) correlated. These correlations also hold within the LC phase alone, whereas the GL phase evidences very little variations in a xy . The only exception to this overall correlation pattern is the collective tilt angle , which is sensitive to environmental variations in the GL phase (range 15°-25°) and essentially constant around 6.5° in the LC phase. This correlation between most observables and a xy is truly remarkable in the sense that it does not seem to be significantly affected by other varying parameters (GL or LC phase, presence and concentration of a possible CSL, temperature). It is easily understood when one considers that a major thermodynamic driving force in lipid bilayers is the optimization of the chain packing within the bilayer interior. In effect, this strong driving force constrains d z , θ and S chn to be functions of a xy at approximately constant v xyd . However, remains a free parameter accounting for the extent of correlation between lipids in the realization of a given θ value, the extent of this correlation having little influence on the chain packing density. For the ID phase, the three data points (excluding UN) are insufficient to establish a trend as a function of a xy . However, these points are clearly off relative to the correlations observed in the LC and GL phases, with anomalously high (S chn ) or low (g, which is now negative, as well as d z , v xyd , θ and ) values. Note, however, that if one correlates the parameters with a xy /2 instead of a xy for the ID phase, the ID points also approximately follow the correlation curves of the two other phases in terms of S chn , v xyd and θ.
The average values of the area per lipid a xy , the chainaveraged order parameter S chn , and the bilayer thickness d z are displayed graphically as a function of temperature in Fig. 8 as averages over the last 24 ns for the entire set of 83 simulations. All the simulations can unambiguously be classified into three distinct groups with properties characteristic of a LC, GL or ID phase at the end of the simulation, except simulation M L F LC 302 leading to UN configurations. The LC and ID phases have comparable values for Fig. 7 Correlation between various structural parameters and the area per lipid for the entire set of simulations. Shown are correlation plots between the area per lipid a xy and the chainaveraged order parameter S chn , the average distance g between the terminal methyl planes of the two leaflets (top minus bottom), the bilayer thickness d z , the volume per lipid v xyd , the single-lipid tilt angle θ and the collective tilt angle for the entire set of simulations. The values are averaged over the last 24 ns of the simulations. The simulations differ by the CSL (P, T or M) and the final phase of the simulation (LC, GL, ID of UN). The simulation labels and conditions are summarized in Table 1 . The corresponding data can be found numerically in Tables S.5-S.7 of the Supplementary Material document a xy and d z , but are clearly distinguishable in terms of S chn . Small variations of a xy , d z and S chn within a given phase are due to the different CSL contents and hydration levels, to the slightly different simulation temperatures, and to the limited averaging time (statistical uncertainty).
The carbon-hydrogen order parameters S CH (C n ) of the 14 methylene groups as a function of the carbon atom number (n = 2-15) are displayed graphically at the different temperatures in Fig. 9 as calculated considering the last 24 ns of the entire set of 83 simulations. Omitting simulation M L F LC 302 (UN configurations), all the simulations can also unambiguously be classified into three distinct groups with order parameters characteristic of the ID (highest values), GL (intermediate values) or LC (low values) phase at the end of the simulation. Residual differences within a given phase are partly non-systematic, because they result from a combination of temperature effects and limited equilibration time in the given phase (which depends on the transition history of the specific simulation). There is, however, a slight tendency in the LC phase towards a decrease in the order parameters upon increasing the temperature.
Finally, the distributions of the total numbers of H-bonds per lipid (N tot L ), per CSL (N tot C ) and per water (N tot W ) molecule among lipid, CSL and water partners is illustrated graphically as a function of temperature in Fig. 10 , calculated considering the last 24 ns of the entire set of 83 Fig. 8 Temperature dependence of the bilayer structural parameters for the entire set of simulations. Shown are the values of the area per lipid a xy , the chain-averaged order parameter S chn and the bilayer thickness d z as a function of the simulation temperature. The simulations differ by the different CSLs (P, T or M), numbers of CSL molecules (N, L, M, or E) and hydration level (F, H or Q). They were started from a structure appropriate for the GL phase and carried out at reference temperatures ranging from T min = 302 (systems M L and M M ), 306 (system M E ) or 318 K (all other systems) to 338 K in steps of 4 K, or from a structure appropriate for the LC phase and carried out at reference temperatures T min or 338 K. The data is averaged over the last 24 ns of the simulation. Note that the LC points were slightly shifted to the side for readability. The simulation labels and conditions are summarized in Table 1 . The corresponding data can be found numerically in Tables S.5-S.7 of the Supplementary Material document simulations. This figure generalizes the considerations on H-bond conservation made in section "Equilibrium properties" on the basis of a subset of 18 equilibrium simulations. The most striking observation is that throughout all systems considered, N tot L is always close to 4.1, N tot C close to 2.2 for MET and to 13.5 for TRH, and N tot W close to 3.2. The only factor of variability is the distribution of these H-bonds among different H-bonding partners, which is affected by the phase, CSL type and concentration, and temperature. The influence of temperature, however, is seen to be relatively weak over the range considered. The influence of the two other factors on the H-bond distributions was discussed in section "Equilibrium properties", and the corresponding considerations will not be repeated here.
Conclusion
The aim of the present study was to investigate the influence of two CSLs, TRH and MET, on the structural, dynamic and thermodynamic properties of a GMP bilayer and on its main transition temperature T m . The main conclusions that can be drawn based on the simulation results are the following.
The LC phase is laterally expanded and transversely compact. Although it presents the largest single-lipid tilt angle, which also accounts here for chain kinks, this tilting is essentially non-collective in nature. This phase is also characterized by the lowest order parameters and the highest fluidity (lipid translational, rotational and conformational relaxation). The GL phase is the most laterally Fig. 9 Carbon-hydrogen order parameters of the 14 methylene groups for the entire set of simulations. Shown are the order parameters S CH (C n ) as a function of the carbon atom number C with n = 2-15, for the entire set of simulations. The simulations differ by the different CSLs (P, T or M), numbers of CSL molecules (N, L, M, or E) and hydration level (F, H or Q). They were started from a structure appropriate for the GL phase and carried out at reference temperatures ranging from T min = 302 (systems M L and M M ), 306 (system M E ) or 318 K (all other systems) to 338 K in steps of 4 K, or from a structure appropriate for the LC phase and carried out at reference temperatures T min or 338 K. The data is averaged over the last 24 ns of the simulation. The simulation labels and conditions are summarized in Table 1 3 compact and transversely expanded of the three phases. Although it presents a lower single-lipid tilt angle compared to the LC phase, this tilting is almost exclusively collective in nature (value of about 20°). This phase is also characterized by higher order parameters and a reduced fluidity compared to the LC phase. Finally, the ID phase is characterized by the interdigitation of the tails from the opposite leaflets. It has a lateral expansion comparable to the LC phase, but is the transversely most compact of the three phases. The interdigitated chains are nearly aligned with the bilayer normal. This phase is characterized by the highest order parameters, resulting from both a high chain ordering (predominantly all-trans conformations) and the absence of a significant tilt, and by a limited fluidity comparable to that of the GL phase. The structural parameters of the GL phase are largely insensitive to the environmental conditions (hydration, presence of CSL, temperature). However, dehydration or addition of a CSL promote a lateral expansion in the LC phase. This expansion is concentration-independent for TRH, but increases with concentration for MET.
Owing to their large sizes, the molecules of TRH do not penetrate the bilayer very deeply, forming a coating layer at the bilayer surface that preserves water molecules interacting with the lipids. And due to their large numbers of potentially H-bonding groups, they induce the formation of H-bonded network bridging the lipid headgroups. Formation of a coating layer and lipid bridging may each play a role in the stabilization of the LC phase in low-hydration situations characteristic of anhydrobiosis, i.e., they may explain the suppression by TRH of the dehydrationinduced T m increase observed in pure bilayers. Owing to their small sizes and lower polarity compared to water, the molecules of MET penetrate more deeply into the bilayer surface, with the ability to intercalate between the lipids. Considering the larger volume of the MET compared to the water molecule (at lower H-bonding capacity), this effect is probably responsible for the concentration-dependent lateral expansion of the bilayer observed in the LC phase. In turn, lateral expansion may play a role in the alteration of the function of membrane-bound proteins in situations characteristic of anesthesia by alcohols. The occurrence of an ID phase may be viewed as an extreme consequence of this lateral expansion. When the expansion is important enough, the void spaces within the bilayer interior can be removed through interdigitation of the lipid tails. The different colors indicate the contributions to these numbers involving lipids (inter-layer or intra-layer H-bonds distinguished for lipid-lipid H-bonds), to CSL molecules and to water molecules. The simulations differ by the different CSLs (P, T or M), numbers of CSL molecules (N, L, M, or E) and hydration level (F, H or Q). They were started from a structure appropriate for the GL phase and carried out at reference temperatures ranging from T min = 302 (systems M L and M M ), 306 (system ME) or 318 K (all other systems) to 338 K in steps of 4 K, or from a structure appropriate for the LC phase and carried out at reference temperatures T min or 338 K. The data is averaged over the last 24 ns of the simulation. Note that the LC bars were slightly shifted to the side for readability. The simulation labels and conditions are summarized in Table 1 . The corresponding data can be found numerically in Tables S.8-S.10 of the Supplementary Material document Simultaneously, interdigitation induces the removal of the single-lipid tilting, and an ordering and close-packing of the chains comparable to (or higher than) those in the GL phase. The above observations are key features of what has been referred to in previous work as the sugar-like (TRH) and the alcohol-like (MET) mechanisms for the interaction of polyhydroxylated compounds with lipid bilayers (Pereira and Hünenberger 2008a) .
Another fundamental difference between TRH and MET revealed by the simulations is that the former compound does not significantly affect the melting temperature of the bilayer in the concentration range considered, whereas MET appears to decrease T m in a concentration-dependent fashion.
In principle, lowering the hydration of a pure bilayer below the full-hydration regime should lead to a T m increase. One of the reasons invoked to explain the bioprotection effect of TRH in the context of anhydrobiosis is that this compound suppresses this T m increase at low hydration. Although the present simulations suggest a slightly lower T m at quarter compared to full and half hydration, they fail to evidence any influence of TRH on this behavior. However, the absence of an apparent effect may result from: (1) the relatively low concentrations of TRH in the simulated systems compared to those considered in experiments or involved in anhydrobiotic organisms; (2) the possibility that the action of TRH on GMP differs from that on the lipids (typically DPPC) investigated experimentally; (3) the difficulty of determining precise T m values based on the finite-timescale single-event bracketing approach employed here (Laner et al. 2013; Laner and Hünenberger 2014b) .
In principle, a T m decrease with increasing MET concentration and the occurrence of a thermodynamically stable GL phase should be observed at concentrations lower than that of the biphasic reversal. Above this concentration, T m should increase again with MET concentration, with a thermodynamically stable ID phase. Here, the picture delivered by the simulations is not entirely clear, considering that: (1) the concentration range probed in the simulations is likely above the experimental biphasic reversal concentration; (2) the simulations at the lowest temperatures lead to the occurrence of an ID rather than a GL phase; (3) the ID phase is only reached in the present simulations from the LC phase, never directly from the GL phase, suggesting a possible metastability (kinetic trapping) of the GL phase on the simulation timescale. In addition, the GL phase is metastable by nature for GMP-water systems. It has a considerable lifetime, but shows a spontaneous transition to the coagel phase (i.e., a mixture of crystals in water) (Cassin et al. 1998; Chupin et al. 2001; Sein et al. 2002; van Duynhoven et al. 2005; . A more detailed discussion of the issues based on additional simulations is the scope of a companion article (Laner and Hünenberger 2014a) .
Finally, the entire set of 83 simulations suggests the tentative formulation of two basic conservation principles, which will be called here the H-bond saturation and the densest packing principles. These principles result from the consideration that the formation of H-bonds at the bilayer surface and in solution, as well as the tail packing in the bilayer interior, are very strong driving forces, so that their optimal realization (H-bond saturation, densest packing) is a near constraint for bilayer systems at equilibrium.
The H-bond saturation principle rests on the observation that for all the species present in the different systems, the total numbers of H-bonds per molecule is essentially constant throughout the 83 simulations. This conservation actually also extends to the number of lipid-lipid H-bonds in pure GMP crystals. The only factor of variability is the distribution of these H-bonds among different H-bonding partners, which is affected by the phase, CSL type and concentration, and, more weakly, by temperature. Considering the lipids, such a nearly quantitative compensation effect between changes in the numbers of lipid-lipid and lipidenvironment H-bonds upon altering the phase or environment of a bilayer, i.e., the conservation of the headgroup H-bond saturation, has been observed previously for this system (Horta et al. 2010b; Laner et al. 2013 ), as well as in different contexts Hünen-berger 2006, 2008a, b) .
The densest packing principle rests on the observation that the effective volume per methylene group in the bilayer interior is only weakly sensitive to the environmental conditions, with values of about 0.030 (LC), 0.028 (GL) and 0.025 (ID) nm 3 for GMP based on the present simulations. These values can be compared with experimental estimates of 0.030 and 0.025 nmconditions is constrained to achieve a quasi-optimal packing of the tails given an area per lipid determined by the environmental conditions and a fixed volume per methylene group. In general, the environmentally modulated effective headgroup cross-section will be larger than the (fixed) tail cross-section, making a vertical packing of all-trans chains extremely unfavorable. In the context of monoglycerides, there are three possible mechanisms to relieve the effect of this mismatch between headgroup and tail cross-sections (Laner et al. 2014) : (1) single-lipid tilting or kinking; (2) collective tilting; (3) interdigitation. These three mechanisms are active in the LC, GL and ID phases, respectively. For more complex lipids such as DPPC, additional mechanisms, such as glycerol backbone tilting or modulation of the packing mode of the headgroup substituents, become accessible.
The densest packing principle itself does not distinguish between single-lipid and collective tilting, which are assumed to correspond to the same packing densities. The preference for one or the other mechanism (phase) can be viewed as a temperature-dependent compromise between (for example, for a GL→LC transition): (1) the entropy increase resulting from randomizing the chain orientations and enhancing the conformational freedom of the tails; (2) the enthalpy increase resulting from slightly decreasing the packing density (deviation from the densest packing principle; the volume per methylene group actually increases by about 7 %). This temperature-dependent enthalpy-entropy balance is actually the same as that determining the melting of alkanes. In addition, the densest packing principle explains why the ID phase only occurs under environmental conditions promoting a particularly large area per lipid, such as the addition of alcohols at high concentrations. Interdigitation only becomes possible when the environmentally modulated effective headgroup cross-section is at least twice as large as the effective tail cross-section. When the ratio is exactly two, the occurrence of a non-tilted ID phase becomes possible. This is essentially the situation observed in the present simulations. If the ratio were larger than two, the formation of a tilted ID phase could also be envisioned.
